graphic analysis, where hypothesized globally synchronous sea level cycles form the basis of the popular paradigm of sequence stratigraphy.
1. As opposed to the specific layered-silicate mineral glauconite, the term "glaucony" is used as a facies term for the family of marine Fe-rich minerals ranging in composition from glauconitic smectite to glauconitic mica. 10 . Samples: 385a (K-Ar age ϭ 20.5 Ϯ 0.5 Ma); 132a (K-Ar age ϭ 40.8 Ϯ 1.3 Ma); and GL-O (K-Ar age ϭ 95.0 Ϯ 0.6 Ma, 1). Mineralogy and stratigraphy are as described in (5 ). 11. Standard and sample grains were placed in pure quartz tubing (diameter, 1 mm) and attached to a quartz manifold evacuated to a pressure of ϳ10 Ϫ8 torr. Each sample tube was hand-held while heating the top to detach the ampoule from the manifold, ensuring minimal sample heating. Ampoules were loaded together with flux monitors of Hb-3gr hornblende (assumed age, 1071 Ma) in capsules and irradiated for 24 hours (48 MWh) in position 5C of the McMaster Nuclear Reactor, Hamilton, Ontario. Recoiled Ar gas associated with each sample was measured after breaking the ampoule under high vacuum using a custom-designed crushing apparatus and admitting the released gas into a high-sensitivity mass spectrometer. The grain was then fused using a 20-W continuous Ar-ion laser to measure Ar remaining in the sample. Our experiments have not detected any radiogenic 40 Ar leakage from the grain to the ampoule before or during irradiation. Therefore, all glaucony ages were calculated by integrating the recoiled 39 Ar in the ampoule with the data from the residual grain. 12. The uncertainty is the standard error of the mean.
The age distributions represent the point-by-point sum of the probability densities of each individual age analysis. Although the curves for each age analysis have equal area, more precisely determined ages give more pronounced spikes, whereas ages with higher uncertainties appear as broader, loweramplitude deflections. A quantitative measure of the degree to which n individual ages are scattered in a population, taking into account their individual experimental uncertainties, is given by S/(n -1), where S is the sum of squares of the weighted deviates about the mean age. This has an expected value of 1 for a data set where no significant age variability can be detected. The value of this quantity for TCR is 0.96, indicating that we have detected no significant age variation of this standard within the limits of our experimental procedure. The weighted mean age is identical to the currently accepted age of 27. Numerous studies have measured and compared the abiotic, biotic, and Fe 3ϩ -induced rates of pyrite dissolution (2) . Almost all experimental work has used Thiobacillus ferrooxidans, which is generally assumed to be the most important species accelerating the dissolution of metal sulfide (2) . T. ferrooxidans is considered typical of AMD systems because it can be readily cultured from these environments. The importance of the iron-oxidizing species Leptospirillum ferrooxidans is now also widely accepted (5) , and this species can outcompete T. ferrooxidans under certain conditions (6, 7) . However, few studies have evaluated the potential geochemical impact of L. ferrooxidans in natural low-pH environments, and the distribution and abundance of these species have not been quantified.
We used molecular methods based on small-subunit ribosomal RNA (SSU rRNA) sequences (8) without prior cultivation (9) to study the role of microorganisms in an AMD environment at Iron Mountain, California, and to analyze the abundance and distribution of T. ferrooxidans and L. ferrooxidans as a function of geochemical and physical conditions. To determine the absolute contribution of these two bacterial species to the total microbial population, we evaluated the proportion of all cells in the domains Bacteria, Eukarya, and Archaea.
Iron Mountain is an in inoperative mine containing tens of kilometers of underground tunnels running through a sulfide ore body, as well as several runoff streams peripheral to the ore body. Pyrite-dominated sediments and solutions draining from the sulfide deposit were collected from the Richmond mine in January 1997. A few samples of seepage from tailings piles and storage tanks for AMD runoff from outside the mine (pH 2 to 4, temperature 10°to 25°C) were also collected and fixed for subsequent microbiological analysis (10) .
The geochemical analyses from all sites fall into two clusters. Solutions with pH 1.5 to 2.5, temperature 17°to 30°C, and conductivity Ͻ30 mS/cm were confined to regions of the main tunnel and occasional pools. Solutions with pH 0.3 to 1.0, temperature 33°to 50°C, and conductivity Ͼ68 mS/cm were typical of most sites in contact with the ore body. Dissolved oxygen contents were higher in the higher temperature, lower pH regions, at ϳ1.2 mg/ liter at ϳ20°C to ϳ5.2 mg/liter. This is probably due to higher mixing that occurs at spillways.
Total cell counts were determined by DNA staining with 4Ј, 6-diamidino-2-phenylindole (DAPI) (7) (Fig. 1) . Cell numbers for rRNA probe-labeled samples relative to total cells were determined by dual counting of samples with differently labeled probes. Totals for the three domains should sum to the total detected with DAPI. In general, the total number of cells detected with rRNA probes was lower than that detected with DAPI, probably because some cells were dead or inactive.
The A and C drifts are two of four horizontal tunnels that diverge from the horizontal Richmond entrance tunnel about 450 m into the mine. Solutions draining from, or collecting in, the A drift had temperatures between 42°and 45°C and pH values of 0.5 to 0.7. In the C drift, the temperature was 47°to 48°C and the pH was 0.4 to 0.6. Samples from all environments were found to contain abundant microbial life. In the A and C drifts, typical direct cell counts were 2.5 ϫ 10 5 /ml in solutions, 1.6 ϫ 10 9 /ml in slime streamers, and 4.2 ϫ 10 6 /ml in pyrite sediment. Cells in sediment, water, or slime that hybridized with the T. ferrooxidans probe were completely absent. The probe effectively hybridized with cultured T. ferrooxidans cells [American Type Culture Collection (ATCC) number 19859], both in solution and on pyrite surfaces. The conclusion that T. ferrooxidans is not important in environments typified by the A and C drifts is supported by the absence of this species in enrichment cultures that used samples from the A drift as inoculum in standard T. ferrooxidans media (4). We found that in all cases, bacteria were the predominant form of microbial life (at least 75% of cells). Eukarya were minor constituents of many assemblages but ranged up to 25% of cells in some slimes. Archaea were a minor component in solutions.
The abundance of L. ferrooxidans in the A and C drifts varied with microenvironment (Fig. 1) . This species accounted for almost the entire bacterial component of some slimes and was present in flowing and stagnant water (Fig. 2) . Leptospirillum ferrooxidans has been cultured as a planktonic organism from these sites (11) . Although only a few of the bacteria in sediments are L. ferrooxidans, this species occurs in relatively high numbers associated with, but unattached to, the sediments (ϳ10 5 cells/ ml). Enrichment cultures also contained bacillus-shaped cells that colonized pyrite surfaces and hybridized with the bacterial probe (Fig. 3) but not with the L. ferrooxidans or T. ferrooxidans probe. We have shown that the acidophilic mesothermophilic bacteria in these cultures are chemolithotrophic, metabolize ferrous iron, and accelerate pyrite dissolution rates (ϳ10 L. ferrooxidans T. ferrooxidans Bacteria Archaea Eukarya Fig. 1 . Results from fluorescence in situ hybridization analysis (total cell counts determined by DNA staining with DAPI). The term "flow" refers to moving water, "pool" to standing water, "spill" to water actively flowing over a barrier in the Richmond ore body, "slime" to slime streamers on and in pools of standing water, and "sed." to sediment consisting of pyrite accumulations on the floor of the drift. The term "matte" refers to a named body of standing water in a vertical shaft close to the mine entrance. Error bars were calculated from six to eight repetitions per sample (23) and ranged from Ϯ2 to 15%, but were most commonly Ϯ5 to 7%. Sediment numbers refer to cells attached to pyrite surfaces and in associated pore fluids. All Eukarya in these samples were in the solution fraction. SCIENCE ⅐ VOL. 279 ⅐ 6 MARCH 1998 ⅐ www.sciencemag.org pH 0.7 and temperature 42°C) (11) .
Bacteria were also the predominant form of microbial life (Ͻ Ͻ5% Archaea or Eukarya) in less extreme environments along the horizontal tunnel into the mine (ϳ20°C, pH 1.3 to 2.4; Fig. 1 ). However, in contrast to the situation in the pH Ͻ 1.0 environments, T. ferrooxidans was an important constituent and accounted for about one-third of the total population of pH Ͼ 1.0 slime communities. In addition, we successfully cultured T. ferrooxidans from these sites with the same standard culture medium used to test for this species in the A drift.
Because T. ferrooxidans is (i) not directly associated with the main ore body where primary oxidative dissolution is taking place and (ii) is a common inhabitant only of the more accessible, cooler, higher pH regions, we infer that the impact of this species on pyrite oxidation reactions in the mine is restricted. Thiobacillus ferrooxidans may be essentially an opportunist, deriving metabolic energy from dissolved Fe 2ϩ but contributing little to acid generation at this site. This conclusion is consistent with the observation that conditions associated with the ore body are below the normal pH and above the normal temperature range for T. ferrooxidans (12) . Thiobacillus ferrooxidans still has an important geochemical impact at this site because the oxidation of Fe 2ϩ leads to precipitation of ferric iron solids, reducing the metal load in solutions. This potentially beneficial role differs considerably from the negative role often assigned to this species.
Leptospirillum ferrooxidans is extant over most of the range of conditions sampled. Although its distribution suggests that it plays an important ecological role in the microbial community by catalyzing sulfide mineral dissolution, its relative importance in the generation of AMD is not yet known. Our evidence suggests that this species is a dominant planktonic microorganism associated with the ore body, where conditions are generally Ͼ40°C and pH is 0.7 to 1.0. Leptospirillum ferrooxidans may be the species primarily responsible for catalysis of sulfide oxidation by aqueous ferric iron.
We have sampled the Iron Mountain site throughout the year. Our results show that substantial fluctuations in geochemical conditions are accompanied by variability in microbial population statistics. However, the key conclusions relating to the distribution of T. ferrooxidans and L. ferrooxidans are valid (13) .
Although solutions draining most AMD sites have pHs of 2 to 4 (2), conditions may typically be more extreme close to reaction sites, as we have observed at Iron Mountain. Sulfuric acid-forming reactions are quite exothermic (14) , and pHs in proximity to pyrite surfaces are likely much lower than those measured in bulk solution (2) . Consequently, the organisms that are most important to sulfide dissolution may frequently encounter conditions similar to those found in the tunnels associated with the Iron Mountain ore body. Current models based on T. ferrooxidans should be reevaluated to reflect the involvement of different species promoting sulfide weathering by different mechanisms and at different rates. Rare crystal phases that expand in one or more dimensions when hydrostatically compressed are identified and shown to have negative Poisson's ratios. Some of these crystals (i) decrease volume and expand in two dimensions when stretched in a particular direction and (ii) increase surface area when hydrostatically compressed. Possible mechanisms for achieving such negative linear and area compressibilities are described for single crystals and composites, and sensor applications are proposed. Materials with these properties may be used to fabricate porous solids that either expand in all directions when hydrostatically compressed with a penetrating fluid or behave as if they are incompressible.
